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ABSTRACT
The black-hole binary, V404 Cygni, went into outburst in June 2015, after 26 years of
X-ray quiescence. We observed the outburst with the Neil Gehrels Swift observatory.
We present optical/UV observations taken with the Swift Ultra-violet Optical Tele-
scope, and compare them with the X-ray observations obtained with the Swift X-ray
Telescope. We find that dust extinction affecting the optical/UV, does not correlate
with absorption due to neutral hydrogen that affects the X-ray emission. We suggest
there is a small inhomogeneous high density absorber containing a negligible amount
of dust, close to the black hole. Overall, temporal variations in the optical/UV appear
to trace those in the X-rays. During some epochs we observe an optical time-lag of
(15−35) s. For both the optical/UV and X-rays, the amplitude of the variations corre-
lates with flux, but this correlation is less significant in the optical/UV. The variability
in the light curves may be produced by a complex combination of processes. Some of
the X-ray variability may be due to the presence of a local, inhomogeneous and dust-
free absorber, while variability visible in both the X-ray and optical/UV may instead
be driven by the accretion flow: the X-rays are produced in the inner accretion disc,
some of which are reprocessed to the optical/UV; and/or the X-ray and optical/UV
emission is produced within the jet.
Key words: X-rays: binaries - X-rays: bursts X-rays: individual: V404 Cyg.
1 INTRODUCTION
Low-mass X-ray binaries (LMXBs) consist of a compact ob-
ject, neutron star or black hole, and a lower mass companion
star. Matter is stripped off the donor star, usually via Roche-
lobe overflow, and is accreted onto the compact object via
an accretion disk. Black hole LMXBs are mostly transient
systems, i.e., they spend most of their time in a quiescent
state, where accretion activity is low making them faint in
the X-ray band. During this state, the optical luminosity is
also low, which often allows measurements to be performed
of the donor star that can determine the orbital period and
the mass of the compact accretor (see Lo´pez et al. 2019, and
references therein). Black hole LMXBs sporadically enter an
outburst phase that can last weeks to years, during which
their luminosity increases by several orders of magnitude
and dramatic changes in spectral and fast-time variability
properties can be observed.
In June 2015, the LMXB V404 Cygni, also known as
GS 2023+338, went into outburst (Barthelmy et al. 2015c)
after 26 years of quiescence. This prototypical black hole
binary (BHB) was the first system with a conclusive mass
function (Casares, Charles & Naylor 1992). It hosts a black
hole with mass MBH ∼ 9 Msolar and a donor star with mass
∼ 0.7 Msolar of spectral type K3 III (Khargharia, Froning &
Robinson 2010). The orbit is 6.473 ± 0.001 days (Casares,
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Charles & Naylor 1992) and the inclination is 67+3−1 degrees
(Khargharia, Froning & Robinson 2010). V404 Cygni was
first discovered as an X-ray source by the Ginga satellite
in 1989, during an outburst (Makino 1989). This detection
prompted examination of photographic plates that showed
V404 Cygni had previously been in outburst in 1938 and
1956 (Richter 1989; Wagner et al. 1991, see also references
therein).
Compared to previous outbursts, the June 2015 out-
burst is unique in terms of the exceptional coverage both in
time and wavelength by a multitude of space and ground-
based facilities. The outburst was first detected by the
Burst Alert Telescope (BAT; 15-350 keV Barthelmy et al.
2005) on-board the NASA Neil Gehrels Swift satellite, here-
after referred to as Swift, and shortly afterwards by the
FERMI/GBM (Younes 2015). It was also detected at high
energies by MAXI (Negoro et al. 2015) and by INTEGRAL
(Roques, Jourdain & Kuulkers 2015). A large number of op-
tical/IR observatories took photometric and spectroscopic
measurements of the June 2015 outburst. Kimura et al.
(2016) alone report 85000 individual data points in the B,
V , R and I bands. Radio and sub-mm observations were also
reported (Tetarenko et al. 2017; Chandra & Kanekar 2017).
As such, V404 Cygni has been extensively studied over a
broad range of wavelengths.
Using observations taken in the X-ray band (0.5 −
10 keV) with Swift, Motta et al. (2017) reported highly vari-
able absorption local to the source. This was interpreted
as the effect of a cold outflow ejected by the source itself,
that could sustain an unstable, radiation dominated thick
disk because of the high accretion rates reached. INTE-
GRAL/IBIS-ISGRI observations of the system during the
June 2015 outburst suggest that the X-ray spectrum of V404
Cygni is not intrinsically very different from the spectrum
of a standard BHB when the effects of heavy absorption
are accounted for (i.e., at energies above 25 keV; Sa´nchez-
Ferna´ndez et al. 2017).
In optical spectra, taken over the entire active phase,
Mun˜oz-Darias et al. (2016) detected P-Cyg profiles, sug-
gesting the presence of a sustained outer accretion disc wind
in V404 Cygni. A disc wind had previously been observed
in BHBs at X-ray wavelengths, e.g., GRO J165540 (Miller
et al. 2006), but had never been observed before at optical
wavelengths, although a disk wind has been recently no-
ticed in spectra of V4641 Sgr (see Mun˜oz-Darias, Torres &
Garcia 2018, and references therein). P-Cyg profiles were
also observed by Chandra in X-ray spectra of V404 Cygni
(King et al. 2015). Kimura et al. (2016) reported the ob-
servations of optical oscillations on time-scales of 100 s to
2.5 hours from V404 Cygni during the June 2015 outburst,
while Gandhi et al. (2016) presented observations of rapid
(sub-second) optical flux variability. Gandhi et al. (2016)
state that their data initially showed steep power spectra
dominated by slow variations on ∼ 100− 1000 s, while near
the peak of the outburst (June 26), persistent sub-second
optical flaring also appeared, close in time to giant radio
and X-ray flaring. The fast flares were stronger in the red,
and could be explained as optically-thin synchrotron emis-
sion from a compact jet. Radio data collected at different
frequencies revealed striking variability (see e.g., Tetarenko
et al. 2017; Fender 2019; Miller-Jones et al. 2019), charac-
terised by hundreds of flares visible at different frequencies
over a two-week period.
With its fast slewing capabilities, Swift was able to pro-
vide immediate follow-up using its two narrow field tele-
scopes: X-ray Telescope (XRT; Burrows et al. 2005) and
Ultra-violet and Optical Telescope (UVOT; Roming et al.
2005). Detailed spectral analysis of the Swift/XRT obser-
vations during the brightest phase of the outburst of V404
Cygni have already been presented in Motta et al. (2017).
In this paper, we focus on the Swift/UVOT observations
and their comparison with the X-ray behaviour observed si-
multaneously by the Swift/XRT. V404 Cygni also had a sec-
ondary outburst in December 2015. Since this later outburst
has limited sampling we focus on the June 2015 outburst,
but for completeness in the Appendix we give a short de-
scription of the data from the second outburst and present
the photometry. This paper is organized as follows. In § 2
we discuss the data reduction and analysis. The main results
are presented in § 3. Discussion and conclusions follow in § 4
and 5, respectively. All uncertainties throughout this paper
are quoted at 1σ, unless otherwise stated. Throughout this
paper, we use a distance to V404 Cygni of 2.39±0.14 kpc as
determined through parallax measurements by Miller-Jones
et al. (2009).
2 OBSERVATIONS & DATA REDUCTION
Swift/BAT first triggered on V404 Cygni at 18:31:38 UT on
the 15th June 2015 (MJD =57188.771976 UTC; Barthelmy
et al. 2015c) and this was followed by a series of secondary
triggers at 2.26, 2.65, 2.78, 4.79 and 10.76 days after the
first trigger (equivalent to 200 ks, 229 ks, 240 ks, 414 ks and
930 ks after the first trigger; Kennea et al. 2015; Cummings
et al. 2015; Barthelmy et al. 2015a,b; Barthelmy & Sbar-
ufatti 2015). To prevent further triggers, V404 Cygni was
entered into the on-board catalogue on the 22nd June 2015,
which set a minimum trigger threshold for this source. How-
ever, the trigger threshold was exceeded at 10.76 days, re-
sulting in another automatic slew to the source and an au-
tomatic increase in the BAT trigger threshold. Additional
follow-up of V404 Cygni by Swift was therefore performed
in response to a number of target of opportunity (ToO) re-
quests (PIs: Altamirano, Beardmore, Cadolle Bel, Gandhi,
Heinz, Kennea, Kuulkers, Middleton, Motta, Plotkin, Ro-
driguez, Sivakoff and Vasilopoulos).
For the following analysis we correct all times to that
at the barycentre. This results in a barycentric corrected,
BAT trigger time T0 = 57188.773986 MJD (TDB), which
we consider as the time the outburst began.
As Swift slews to a number of targets in a given 95 min
orbit to maximise its observing efficiency, a UVOT and XRT
observation of a specific source on a given day is broken up
into one or more ‘snapshots’ of continuous exposure. There-
fore the observed light curves are intermittent on long time
scales, e.g several minutes to hours, but within this have
periods of continuous observations e.g., ∼ 0.2 − 1.8 ks at
few second resolution depending on the instrument, signal
to noise and observing mode. Therefore, Swift observations
can provide information on the overall behaviour of the out-
burst and some of the fast variability, but will have gaps in
c© 0000 RAS, MNRAS 000, 000–000
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the observations during the main outburst when the source
was highly variable.
2.1 Swift UV/Optical Telescope
Swift/UVOT began settled observations of V404 Cygni 184s
after the initial BAT trigger (Barthelmy et al. 2015c).
Swift/UVOT monitored the outburst for the next 70 days
(∼ 6000 ks), until it returned to quiescence. V404 Cygni was
initially detected in 5 of the 7 UVOT filters (white, v, b, u,
uvw1) at > 2σ, but as the source brightened it also became
detectable in the uvm2 and uvw2 filters.
Swift/UVOT also observed the field of V404 Cygni a
number of times prior to 2015: observations were taken in
the three optical and three UV filters on 26th April 2009;
several observations were performed in the uvw1 filter be-
tween the 3rd July 2012 and 16th September 2012; and on
the 14th October 2013 and 2nd December 2013 observations
were taken in the u filter.
UVOT observations of V404 Cygni were taken in image
and event modes1. Before extracting count rates from the
event lists, the astrometry was refined following the method-
ology in Oates et al. (2009). In order to be compatible with
the UVOT calibration (Poole et al. 2008; Breeveld et al.
2011), we used an aperture of 5′′ to obtain the source counts
from both the event and image mode data. However, since
it is recommended to use a smaller aperture when the count
rate is low (Poole et al. 2008), we used a 3′′ radius below a
threshold of 0.5 counts per second. In this case, the source
count rates were corrected to a 5′′ radius aperture using
a table of aperture correction factors contained within the
calibration. The background counts were obtained from a
number of circular regions positioned in blank regions of
the sky situated near to the source position. The count
rates were obtained from the event and image lists using
the Swift tools uvotevtlc and uvotsource, respectively.
The UVOT data were processed using the Swift software,
version 4.4 (from HEASOFT release 6.19), using the UVOT
calibration files (20160321) released on 2016-Mar-21.
It has recently come to light that the UVOT detector is
less sensitive in a few small patches2 for which a correction
has not yet been determined. Therefore we checked to see if
the source falls on any of these spots in any of our images
and excluded 3 individual uvw1 exposures for this reason.
We also excluded white filter data between 5.8 and 9.2 days
after the initial BAT trigger due to saturation.
A nearby star is reported to be 1.4” away from the po-
sition of V404 Cygni (Udalski & Kaluzny 1991). This star
may not be physically associated with the system, though
Maitra et al. (2017) recently proposed it may be an F2 star
forming a triple system with V404 Cygni. The brightness
of this star is 20.59 ± 0.05 and 18.90 ± 0.02 magnitudes in
the B and V bands (Vega system), respectively, and was
observed resolved with V404 Cygni in quiescence, when the
1 Image Mode: the data are recorded as an image accumulated
over a fixed period of time; Event Mode: the arrival time and
position are recorded for every photon detected.
2 https://heasarc.gsfc.nasa.gov/docs/heasarc/caldb/swift/docs/
uvot/uvotcaldb sss 01.pdf
flux of V404 Cygni was 20.63±0.05 and 18.42±0.02 magni-
tudes in the B and V bands (Vega system), respectively. In
UVOT observations, this nearby star and V404 Cygni are
not resolved, the emission from both combining to form a
single point source. The photometry of V404 Cygni is there-
fore contaminated by flux from this nearby star. Since V404
Cygni is many times brighter in outburst than the quiescent
phase, the nearby star will not strongly affect the photom-
etry while in outburst. However, the contribution from this
nearby star to the flux measurements will increase as V404
Cygni decreases in brightness. In quiescence, it is expected
that this nearby star and V404 Cygni each will contribute
about 50 per cent of the flux within the UVOT aperture
(in the V and B filters). We therefore determine the nearby
star’s contribution to the photometry as V404 Cygni returns
to quiescence, taking the lowest pre-2015 UVOT magnitudes
of V404 Cygni as an upper limit to the flux from this contam-
inating star, namely an AB magnitude of u = 22.66± 0.51.
We calculate that the nearby star contributes approximately
6 4%, 6 10%, 6 25% of the measured flux at T0+ 11.6, 18
and 23 days (T0+ 1000 ks, 1600 ks and 2000 ks), to the u-
band. In addition, the nearby star will be fainter in the UV
bands than in the u-band since it has an F-type spectrum.
The count rates from both the image and event mode
data were converted to AB magnitudes using the UVOT
zero points and to flux using the AB flux conversion factors
(Breeveld et al. 2011). The UVOT observations are displayed
in Fig. 1. To correct for interstellar extinction we use an
Av = 4.0 ± 0.4 (Casares et al. 1993; Hynes et al. 2009)
assuming the Milky Way extinction law given in Pei (1992).
We note that more recent measurements of extinction along
the line of sight has been performed by Itoh et al. (2017),
with 3.0 < AV < 3.6 and Rahoui et al. (2017) who measure
AV = 3.82 ± 0.36. These measurements are slightly lower
than that measured by Casares et al. (1993) and Hynes et al.
(2009). If we had chosen to use a lower AV value, it would
have systematically decreased our measured magnitudes and
luminosities, but it would not have any strong influence on
our conclusions. Finally, the extinction corrected fluxes were
converted to luminosity.
2.2 Swift X-ray Telescope
Following the initial Swift/BAT trigger (Barthelmy et al.
2015c), the XRT observed V404 Cygni for a total of 171.4
ks over 70 days. 114.4 ks of data were collected in Pho-
ton Counting (PC) mode (T0+ <23 ks and T0+ > 127 ks)
and 57.0 ks in Windowed Timing (WT) mode, with the
latter used when the source was bright (T0+ 19 ks until
T0+ 140 ks). In the analysis that follows the XRT data were
processed using the Swift software, version 4.4 (from HEA-
SOFT release 6.16), using the latest XRT gain calibration
files for this epoch (released on 2015-Jul-21).
The analysis of the central point source is made more
challenging by the presence of a sometimes significant dust
scattered X-ray halo (Vasilopoulos & Petropoulou 2016;
Heinz et al. 2016; Beardmore et al. 2016). The effect of the
halo is most notable when a strong X-ray flare is followed
by a drop in the source count rate to below ∼ 100 count s−1
(see appendix A of Motta et al. 2017).
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Figure 1. Multi-wavelength observations of V404 Cygni performed during the June 2015 outbursts. T0 is taken as the time at which Swift/BAT first detected V404 Cygni on the 15th
June 2015 and has been corrected to the barycenter. Panel a) shows the INTEGRAL 20− 60 keV ISGRI light curve for the June 2015 outburst. Panel b) shows the X-ray 2− 10 keV flux
light curve for the June 2015 outburst. Panel c) displays the 7 optical/UV light curves observed by UVOT in image mode. In this panel, the left facing arrows represent pre-outburst
observations performed by UVOT. Panel d) displays the colour light curves for several UVOT filters, determined only for pairs of points with S/N > 2. Panel e) displays the excess
variance determined from the power density spectra, for the X-ray (black) and u-band (light blue). Magnitudes are given in AB and have been corrected for the measured extinction
Av = 4.0 (Casares et al. 1993; Hynes et al. 2009). Colours and symbols for each of the UVOT filters and colour light curves are provide in the legends. Downward arrows are 3σ upper
limits computed when the signal to noise is < 2. All times have been corrected to the barycentre.
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A 0.5−10.0 keV count rate light curve was created from
the XRT observations. The PC mode data were extracted at
per snapshot binning, using grade 0−4 events. The PC data
taken after day 14 were background subtracted using events
contained within an annular region located inside the inner-
most dust scattering ring. WT light curves were extracted
at 1 s binning from grade 0 events (as this grade selection
lessens the effects of pile-up, which becomes important above
∼ 100−150 count s−1 in this mode). When required, the halo
contribution was estimated from the WT data using events
obtained within a 1−2 arcminute-wide strip chosen to lie as
close to the central point source as possible when the halo
dominated. Appropriate corrections for (sometimes severe)
pile-up were also made to the data when necessary. This was
achieved using suitably sized annular extraction regions to
excise the piled-up core of the point spread profile, then cor-
recting for the expected loss of flux. The extraction regions
thus ranged from circles of radius 23.6 arcseconds (when the
central source was faint compared to the halo) to annular re-
gions of size 47.1−94.3 arcseconds (when the central source
was extremely piled-up). Use of the 0.5−10.0 keV count rate
light curve will be discussed in §2.3.
To convert the X-ray count rate to luminosity we need
to determine the count rate to flux conversion factors. This
requires analysis of a large number of X-ray spectra, such as
that performed by Motta et al. (2017). Motta et al. (2017)
computed X-ray fluxes in the energy range, 2−10 keV (note
the narrower energy range compared to our 0.5 − 10.0 keV
count rate light curve) using spectra extracted with 16 s du-
ration or long enough to contain about 1600 counts, result-
ing in 1054 data points with variable exposure. To com-
pute these fluxes, the SEDs were fitted with an absorbed
power law combined with a narrow Gaussian line around
the 6.4 keV Fe-K energy and interstellar absorption, when
statistically required. A neutral absorber partially covering
the source was also included when the fit showed improve-
ment; see Motta et al. (2017) for further details. We use the
2 − 10 keV flux light curve from Motta et al. (2017) from
this point onwards to produce the X-ray luminosity light
curve, however, as Motta et al. (2017) only focused on the
active part of the outburst (18th June - 26th June 2015),
we also add data observed by Swift/XRT prior to and af-
ter this time, converting to flux following the same method.
The XRT flux light curve, in the 2 − 10 keV energy range,
is displayed in Fig. 1. We convert these 1080 flux points
to luminosity. These luminosity measurements have been
corrected for Galactic absorption, but they have not been
corrected for intrinsic absorption as there may be some de-
generacy between the absorption and reflection parameters
in the 2−10 keV energy band (see Motta et al. 2017), which
if corrected for may give intrinsic luminosity values that may
be significantly lower than the true values.
2.3 High time resolution Analysis
2.3.1 Light curves
UVOT observations taken in event mode can be subdivided
into smaller time bins in order to get a higher temporal
resolution. Many of the UVOT u-band observations were
observed in event mode. We extracted photometry from the
UVOT u-band event mode data with a resolution of 5 s.
Since the time resolution of the X-ray light curves can also
be resolved to a better time resolution than individual ex-
posures and is observed at the same time, we can directly
compare the behaviour in the X-rays with that in the u-
band. We extract the 0.5 − 10 keV X-ray count rate in 1 s
intervals and then rebin the X-ray light curve so that it has
the same time bins as the u-band data points. There are
∼ 4k individual data points during the brightest phase of
the outburst, i.e., T0 + 240 ks − 970 ks (T0 + 2.8 − 11.2
days). We display a selection of light curve segments from
the resulting u-band and 0.5−10 keV X-ray count rate light
curves in Fig. 2. The full sample comparing the u-band with
the X-ray 0.5 − 10 keV during the brightest phase of the
outburst can be found in the on-line material, Fig. S.1, and
also displayed in Fig. S.2. In Fig. S.1 we also provide the re-
sults from the X-ray spectral analysis by Motta et al. (2017)
and as discussed in §2.2, displaying the column density NH ,
covering fraction and spectral index, Γ.
The X-ray count rate light curves have better temporal
resolution compared with the X-ray luminosity light curves.
In the following we therefore use the X-ray and u-band count
rate light curves for the high time resolution temporal com-
parison with the u-band data. However, a caveat should be
placed on the interpretation of the count rates, for instance,
an increase in X-ray count rate does not necessarily mean
an increase in X-ray flux at all X-ray energies. However,
the X-ray count rate is a consistent photometric measure
of the flux of X-rays through a fixed passband, and using
this rather than luminosity, means that we do not introduce
any systematics related to the different, longer time bin over
which the spectra have been accumulated.
2.3.2 Timing
To determine if there is any time lag between the optical/UV
and X-ray light curves, we calculate the cross-correlation for
each continuous section of the 5 s binned light curves. We de-
termine the cross-correlation using the function correlate in
the python numpy package. An example of the analysis per-
formed on one section of the u-band and X-ray light curve
is given in Fig. 3, while the results for the entire outburst
can be found in the on-line material Fig. S.2. To determine
if a given lag coefficient could be achieved due to chance,
we perform a Monte Carlo simulation. For each section of
light curve we simulate an X-ray light curve with the same
power spectrum as the actual data. We perform a Fourier
transform of the X-ray light curve and create a new X-ray
light curve by randomising the Fourier phases, but maintain-
ing the Fourier amplitude3. With the simulated X-ray light
curve we perform a cross correlation between those points
and the corresponding, observed, u-band data. We repeated
this 105 times and store the resulting correlation coefficients
for each lag time, for each iteration. Once all iterations are
complete, for each lag time we extract values at 0.5, 2.5, 97.5
3 We also tried varying the Fourier amplitude, using a Gaussian
random sampling, taking the width of the Gaussian to be 10%
of the amplitude. We did not find any substantial changes to
the 0.5, 2.5, 97.5 or 99.5 per cent values of the cross correlation
distribution at a given lag time.
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and 99.5 per cent from the resulting cross correlation distri-
bution.
To explore how the amplitude of the variability in the u-
band and X-ray light curves changes with time, we measure
the excess root mean square (rms) following the method
outlined in Vaughan et al. (2003) and taking into account
the measurement errors on the data. This method essentially
takes a segment of uniformly binned data and determines
the variance as the integral of the power spectral density
(PSD) between two frequencies, subtracting the Poissonian
noise from both the power spectra. We make use of the IDL
routine ts rmsflux.pro and dynamic pds.pro written by
S. Vaughan4. We adapt the output so that the measurement
errors are subtracted from the resulting variance and taken
into account when determining the error on the variance.
We use the full 1 s X-ray (0.5− 10 keV) light curve (e.g., all
observations, not only those overlapping with the u-band),
rebinned to have a bin width of 5 s, and the 5 s u-band light
curves. We calculate the PSD, and hence the excess rms,
every 128 consecutive data points (i.e., 640 s). The resulting
light curve displaying the excess rms can be observed in the
bottom panel of Fig. 1; we only display values where an
excess could be determined above the error on the data, i.e.,
positive values of the excess.
3 RESULTS
The UVOT optical/UV image mode light curves for the June
2015 outburst of V404 Cygni are shown in Fig. 1. The tem-
poral behaviour in the different optical/UV filters is similar.
Over the course of observations V404 Cygni fluctuated in
brightness by over 8 magnitudes. By the time UVOT began
observing, V404 Cygni was already at a flux level ∼ 4 mag-
nitudes brighter than the level observed in quiescence dur-
ing the pre-2015 observations. The optical/UV light curves
rose to the highest level between T0 + 3 − T0 + 11 days
(57191.5−57199.5 MJD). At T0+11 days, the flux dropped
rapidly, decreasing by 5 magnitudes within a day. Over the
subsequent days the brightness continued to decrease, but
at a slower rate, until it reached the level measured by
Swift/UVOT prior to 2015.
In Fig. 1 we also display observations taken by
Swift/XRT in the soft 2 − 10 keV X-ray band as well as
those in the hard 25-60 keV X-ray band performed by IN-
TEGRAL IBIS/ISGRI (Jourdain, Roques & Rodi 2017).
The IBIS/ISGRI light curve has been adaptively rebinned
to achieve S/N > 8 in each bin5 (see, e.g., Kuulkers 2015;
Kuulkers & Ferrigno 2016; Jourdain, Roques & Rodi 2017;
Sa´nchez-Ferna´ndez et al. 2017, for details on the INTE-
GRAL data). The IBIS/ISGRI data has better sampling
than the Swift optical/UV and X-ray observations, although
from the three panels, it is apparent that the overall be-
haviour is the same in optical/UV through to hard X-rays.
In particular, the drop back down to quiescence is observed
in all of the top three panels of Fig. 1 (see, e.g., Sa´nchez-
Ferna´ndez et al. 2017). The soft/hard X-rays appear to vary
strongly, flaring on time scales of minutes to hours. Due to
4 both IDL scripts are available at
http://www.star.le.ac.uk/sav2/idl.html.
5 http://www.isdc.unige.ch/integral/analysis#QLAsources
Figure 2. The UVOT u-band event mode observations (blue
triangles) of V404 Cygni compared to the X-ray (0.5 − 10 keV;
red circles). In these panels, the X-ray data has been binned to
have the same bin width as the u-band event mode data, which is
binned uniformly with a bin width of 5 s. These three panels were
selected as examples of the type of temporal behaviour observed
within V404 Cygni and how the behaviour compares in the two
bands. The full sample is provided in the online material S.1.
the UVOT filter rotation, there are only a couple of images
per optical/UV filter taken during these X-ray flares, but
the optical/UV also seems to flare at similar times.
3.1 Optical/UV Colour versus X-ray Column
Density & Photon Index
To determine if there are changes in the optical/UV spec-
tral shape during the outburst, we display the colour light
curves for the UVOT filters in Fig 1. Since the UVOT ob-
servations in the different filters are not simultaneous, we
take the difference in extinction-corrected AB magnitudes
of the data points closest in time to each other. The typical
difference in the start and stop time of each bin6 is 306 s,
but ranges from 44 s to 1210 s. At several points during ob-
servations the light curves show rapid changes in colour, for
instance at T0+6.72 days (T0+581 ks). These rapid changes
6 where the start time is the start time of the earliest of the two
exposures and the end time is the stop time of the latest exposure.
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are likely due to short timescale temporal evolution between
the two filter visits since they are not strictly simultaneous.
However, between T0+2 days and T0+10 days, the colour
light curves are generally flat indicating no strong spectral
changes throughout the main outburst.
In Fig 4 we display UVOT colour versus the column
density of neutral hydrogen, NH , determined from the X-
ray spectra as detailed in §2.2. The figure consists of four
panels, each displaying the difference in magnitude between
a different pair of UV filters versus NH . Since the colour
points span a larger time interval than the interval typically
used to extract the X-ray spectra, we take the average NH
value of the spectra that fall within the start and stop time
of the UVOT colour data point. In the determination of the
average NH value, we do not include spectra for which the
NH could not be constrained (247/1080), which may weight
the average NH value to higher values. In Fig 4, we also show
the relationship between extinction between the two filters,
E(λ1 − λ2), and the column density of neutral hydrogen,
NH , as expected for the Milky Way. Since extinction has a
stronger effect in the UV, the colour difference between an
optical and a UV filter is expected to be larger than the
E(B − V ) for a given value of NH . While the NH value
changes in time, clustering into high and low NH groups,
the UVOT colour does not become redder with increasing
NH .
In Fig. 5, we display the same UVOT colours against
X-ray photon index, Γ, in order to determine if a change in
the X-ray spectrum corresponds to a change in the optical
spectrum. Since the colour points span a larger time interval
than the interval typically used to extract the X-ray spectra,
we take the average Γ value of the spectra that fall within
the start and stop time of the UVOT colour data point. In
the determination of the average Γ value, we do not include
spectra for which the Γ could not be constrained (52/1080),
which may weight the average Γ value to softer values. Motta
et al. (2017) note that spectra with Γ < 1 are not consistent
with the spectral slope observed by INTEGRAL, Γ > 1.4
(Sa´nchez-Ferna´ndez et al. 2017). Motta et al. (2017) find
the spectra become harder when a reflection component is
included.
In the top two panels, displaying uvw1−u and uvm2−u,
the UVOT colours are relatively stable at ∼ 0.7 while the
X-ray Γ varies from ∼ 0.5− 2.5 over the brightest phase of
the outburst. The bottom two panels show a much wider
range in colour, but the uncertainty is typically larger than
the upper panels. In any case, in all 4 panels there is no
apparent correlation between optical/UV colour and Γ.
3.2 High Time Resolution
In Fig. 2, we show examples of the u-band in comparison to
the 0.5− 10 keV X-ray light curves. The full sample can be
observed in the on-line material, Fig. S.1. We also show the
data again in Fig S.2, but with each panel having the same
y-axis and the same time range, allowing an easy compari-
son of how the behaviour changes from segment to segment.
From these figures it is clear that the X-ray base flux changes
strongly between segments, while the optical remains fairly
constant. The segments cover the period where the out-
burst is in the brightest phase, i.e., T0 + 240 ks − 970 ks
(T0 + 2.8 − 11.2 days). Within each segment the X-rays
Figure 3. Top panel: time sliced observation of the u-band (blue
triangles) and X-ray (0.5-10 keV; red circles) observations of V404
Cygni at T0+969 ks with 5 s binning. Middle panel: the corre-
sponding cross-correlation determined for a range of optical lag
times. The blue and red dotted lines indicate the 0.5, 2.5, 97.5 and
99.5 per cent percentile boundaries. Bottom Panel: The power
spectral density (PSD) for the T0+969 ks segment displaying the
PSD for both the X-ray (red line) and u-band (blue line) light
curves. The dotted lines indicating the expected constant Pois-
sonian white noise contribution. Above the top right corner of
the middle panel we give the optical lag time and coefficient at
the peak of the cross correlation function and the probability of
it occurring by chance considering the multiple cross correlations
performed for that segment. The optical and X-ray light curves in
the top panel appear to show similar behaviour. This is confirmed
by the cross correlation, which indicates the optical and X-ray are
correlated with a coefficient of ρ = 0.43, but that the optical lags
the X-ray emission by 35s. The power spectral density shows that
the variability in both bands is due to a combination of red noise,
producing the power-law behaviour and Poisson noise, dominat-
ing the signal above > 10−2 Hz. Similar figures for the full sample
are provided in the online material S.2.
in general are more variable than the optical/UV: the count
rate of the X-ray light curves varies by a factor of up to∼100,
whereas the optical count rate changes less drastically by a
factor of a few. There are, however, some segments where
the optical/UV variability is larger than the X-ray, but the
factor is . 2.
On the whole, the u-band behaves similarly to the X-ray
light curve, but the changes are less prominent and tend to
be smoother. Some light curve segments are flat with small
variations of a few per cent for both the X-ray and u-band
light curves, e.g., T0+579 ks and T0+734 ks. Other segments
vary more strongly either in one or both bands, with varia-
tions on 10 s and 100 s time scales, which often appear oscil-
latory, e.g., segments T0+729 ks, 780 ks, 792 ks and 798 ks.
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In addition, there are some segments, e.g., T0+672 ks, 820 ks
and 877 ks, where the X-ray and u-band show larger scale
variations over the course of a few hundred seconds, but the
behaviour is more pronounced in one of the bands.
We computed the cross correlation for each of the con-
tinuous sections of the u-band and X-ray light curves. An
example is displayed in Fig. 3 and the entire sample is given
in the on-line material Fig. S.2. In these panels, we also show
the coefficient values found at the 0.5, 2.5, 97.5 and 99.5 per
cent level from the simulated coefficient distributions. We
find 11 segments to have coefficients which lie outside of ei-
ther the 0.5 or 99.5 per cent percentile boundaries. Of the
23 segments we tested for a correlation, we would expect by
chance that< 1 of these segments will have a peak coefficient
outside of this percentile boundary. However, this statistic
should also take in to account that within each segment we
are performing multiple cross correlations, one at each lag.
Therefore for each segment, we take the chance probabil-
ity associated with the peak of the cross correlation to be
the fraction of simulations that have absolute values that ex-
ceed the absolute value of this coefficient at any lag time. Of
the 23 segments, we find 2 segments (segments T0 + 240 ks
and +969 ks given in Fig. S.2) have < 1% chance of the
peak cross correlation coefficient being obtained by chance.
These segments are a subset of the 11 which have cross cor-
relation coefficients which lie outside of either the 0.5 or 99.5
per cent percentile boundaries. These 2 segments have coef-
ficients that are positive with values of ρ = 0.43 and 0.64,
suggesting the two segments are correlated with slightly dif-
ferent degrees of strength. The optical time lag of these peak
coefficient values are 35 and 15s, respectively. In Fig. 3 and
Fig. S.2, in the top right above each optical lag panel we
give the optical lag time and coefficient at the peak of the
cross correlation function and the probability of it occur-
ring by chance considering the multiple cross correlations
performed for that segment. The probability is given only
when the value is less than 10 per cent.
3.2.1 Power Spectra
For segments of the X-ray and u-band light curves of du-
ration > 500 s (100 individual data points) we compute the
power spectral densities (PSD) from the modulus-square of
the discrete Fourier transforms, with the constant of the
PSD determined using the usual rms-squared standardisa-
tion (e.g., Gandhi et al. 2010; Uttley et al. 2014). One exam-
ple can be observed in the last panel of Fig. 3, while the full
sample can be observed in the on-line material, Fig. S.2. In
the panels displaying the power spectra, we also provide lines
indicating the expected constant Poissonian white noise con-
tribution for both the X-ray and u-band, which were com-
puted following the procedure in Vaughan et al. (2003) and
Gandhi et al. (2010). The power spectra appear to be fea-
tureless except for a constant and a power-law component.
For many of the power spectra, the Poisson noise dominates
the signal above > 10−2 Hz. Red noise, identified by the
power-law slope of ∼ −2, is the other strong component of
the power spectra. However the strength of this component
varies and is not apparent in all light curve segments. Steep
red noise power spectra were also reported during the out-
burst of V404 Cygni by Hynes, Robinson & Morales (2015),
Wiersema (2015) and Gandhi et al. (2016).
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Figure 4. UVOT colour versus column density of neutral hy-
drogen, NH . We give 4 panels, comparing four different colour
terms for the UVOT with NH . The colour scale represents the
time each point was determined. The black dotted line repre-
sents the expected relationship between NH and E(λ1 − λ2) for
the Milky Way, where λ1 and λ2 represent the 2 different filters.
Since extinction has a strong effect in the UV, the expected colour
difference in the UV for a given NH will depend on the exact two
filters. However while we observe NH to change significantly, and
cluster into high and low NH groups, the UVOT colour does not
become redder with increasing NH . This suggests strong changes
in absorption do not correspond to changes in optical/UV extinc-
tion.
3.2.2 RMS variability
To quantify the variability, we computed the excess rms for
the high time resolution u-band and 0.5−10 keV X-ray light
curves (see § 2.3.2). The results are shown in the bottom
panel of Fig. 1. The excess rms for both the optical/UV
and X-ray light curves changes with brightness, increasing
as V404 Cygni becomes brighter, with the rms being a fac-
tor of 100 larger for the X-ray light curves in comparison to
the optical at any given time. In the top panel of Fig. 6, we
display the square root of the excess rms (rms amplitude)
against the mean count rate7. Both for the u-band and X-ray
0.5 − 10 keV data, the excess rms increases with increasing
count rate. The dependence on the flux is removed by nor-
malizing the excess rms by the count rate. This results in the
fractional variability, which is shown in the bottom panel of
Fig. 6.
To quantify the correlation between excess rms and
count rate, a function should be fitted to the data, how-
ever, we do not expect to obtain a good χ2 due to the in-
trinsic scatter of the data. Instead we use a Spearman rank
correlation to determine if the logarithms of the excess rms
and count rate are correlated. For the X-ray observations we
7 Since the PSDs are a result of a single time series. The measured
PSD will therefore not be the true PSD, but will be scattered
around it (see e.g Vaughan et al. 2003). As a result, the fractional
rms values are typically averaged, but due to the highly variable
X-ray absorption, the same flux values do not necessarily imply
the same spectral properties. Therefore we have chosen not to
provide the average fractional rms.
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find evidence for a strong correlation with a correlation coef-
ficient of 0.94 and reject the null hypothesis with p 10−5.
However, for the optical/UV the correlation coefficient indi-
cates a weak correlation, much weaker than for the X-ray.
The coefficient is 0.7 and we can not reject the null hypoth-
esis (p = 0.03). Furthermore, there are some X-ray data
points that imply over 100% fractional variability. These co-
incide with segments where the variability spans the entire
segment.
3.2.3 X-ray and u-band count rate comparison
As discussed in §3.2, the variability in the u-band is less
pronounced compared with the X-ray. We can explore this
behaviour further by displaying all the high time resolution
u-band and X-ray data together. In the top panel of Fig.
7, we show the u-band count rate versus the X-ray count
rate between T0 and T0 + 70 days (0 to ∼ 6000k˜s). Neither
the u-band nor the X-ray count rates have been corrected
for extinction or absorption and caution should be used at
low optical count rate because of the contaminating star
(see § 2.1). At 0.1 count per second, this nearby star may
contribute up to 50% of the total counts, but this fraction
decreases as V404 Cygni brightens. The u-band and X-ray
observations in general increase together, as also shown in
Fig. 1, but as V404 Cygni brightens the distribution becomes
broader in the X-rays compared to the optical/UV.
We can look at time-resolved versions of Fig. 7, com-
paring the u-band and X-ray count rates of individual light
curve segments. These are given in the bottom left sub-
panels of the on-line material Fig. S.2. Their behaviour can
be divided into two groups: 1) randomly distributed data
points, suggesting no strong correlation; these tend to be
sections of the light curve where there is no strong vari-
ability in either the X-ray or u-band; 2) correlated count
rates, increasing and decreasing together, although the scat-
ter tends to be large. For two segments the behaviour differs
from these two categories: in the T0+877 ks segment the X-
ray and u-band count rates change independently producing
vertical and horizontal lines, while in the T0+820 ks segment
similar behaviour is observed, but a hysteresis-like pattern is
produced. Large variations in X-ray flux, but no pronounced
optical response was also reported by Hynes et al. (2019).
We can examine the relationship between optical/UV
and X-rays in luminosity space. The luminosity ratio is
shown in the bottom panel of Fig. 7, with the colour of
each point representing the time of the observation. In this
panel, due to the need to create X-ray spectra with enough
signal so that spectra could be fitted and a count rate to
flux conversion factor could be determined (see §2.2), the
data points are coarser in time in comparison to the top
panel. In Figure 7, the data points are distributed either
side of the line of equality, suggesting that there are peri-
ods where the u-band is more luminous than the X-ray and
vice versa. The colour of the points represent the time since
the trigger and the colours roughly divide the figure in to
horizontal bands. The data at the earliest and latest epochs
form roughly horizontal bands at lower optical luminosity.
There is weak indication that at low X-ray luminosity (<
a few 1036erg s−1) the optical and X-ray may increase at
a different rate than at higher X-ray count rate, perhaps
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Figure 5. UVOT colour versus the X-ray photon index, Γ. We
give 4 panels, comparing four different colour terms for the UVOT
with Γ. The colour scale represents the average X-ray flux dur-
ing the time each colour point was determined. The bottom two
panels show much wider range in colour, but the uncertainty is
typically larger than the upper panels. However, for all 4 panels
there is no apparent correlation between optical/UV colour and Γ,
suggesting that changes in the X-ray spectrum do not correspond
to a changes in the optical spectrum.
resembling the track given in the T0+820 ks or T0+877 ks
segments in the on-line material Fig. S.2.
3.2.4 X-ray and Optical/UV Count Rate Distributions
Another view of the behaviour of the optical and X-ray data
can be obtained by examining the distribution of the count
rates for each segment of the light curve between T0+ 240 ks
and 970 ks (T0 + 2.8 days and T0 + 11.2 days) and for this
portion of the light curve as a whole. We compute the loga-
rithmic count rate distribution in the optical/UV and X-ray
bands for each segment, binning them dynamically with 20
data points per bin, and express it as a probability den-
sity function (PDF), following the methodology of Uttley,
McHardy & Vaughan (2005). We then checked the consis-
tency of the PDFs with a Gaussian distribution. For 5 sepa-
rate optical/UV and X-ray segments we discard their PDFs
as they contain 3 bins or less. For the 18 remaining segments,
we find that 15 and 16 optical and X-ray segments respec-
tively, can be well fitted by a Gaussian distribution, rejecting
the null hypothesis for the remaining 3 optical (T0 + 672 ks,
820 ks and 877 ks) and 2 X-ray (T0 + 797 ks and 877 ks)
segments with p < 10−3 from the χ2-test.
We can also examine the logarithmic count rate distri-
bution during the entire period from T0 + 240 ks − 970 ks
(T0+ 2.8 to T0+11.2 days), scaling individual X-ray and op-
tical/UV segments by their mean count rate, before comput-
ing the PDF. We bin them dynamically with 100 data points
per bin, following the methodology of Uttley, McHardy &
Vaughan (2005). We first explore whether the distributions
are consistent with a single Gaussian. We do not find the
optical/UV or X-ray PDFs to be consistent with a Gaussian
(χ2O/dof = 570/18 and χ
2
X/dof = 679/18), but the distri-
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Figure 6. Top Panel: Square root of the excess variance (RMS
amplitude) versus the average count rate in log-log space. The
dotted line represents the line of equality. The inset panel shows
the data up to a count rate of 1000 cts/s in linear space. Bot-
tom Panel: fractional root mean square of the excess variance
(fractional RMS) versus the average count rate. Red Circles:
0.5− 10 keV X-rays, Blue Triangles: u-band. All values are deter-
mined from 128 consecutive data points of duration 5s. The top
panel suggests that for both the u-band and X-ray 0.5 − 10 keV
data, the amplitude of the variability increases with brightness.
This is confirmed in the bottom panel by normalizing the ampli-
tude by brightness and therefore removing this trend.
butions are singularly peaked. We therefore also attempted
to fit a model with 2 Gaussians distributions. This model
substantially improved the fit for both the optical/UV and
X-ray distributions, resulting in χ2/dof = 16/15 and 24/15
for optical/UV and X-ray, respectively.
In Fig. 8, we display the lognormal normalized count
rate distributions for the u-band and X-ray observations,
comparing the single Gaussian with the best fit 2 Gaussian
models for each data set.
4 DISCUSSION
We have explored and compared the optical/UV and X-ray
behaviour of the June 2015 outburst of V404 Cygni. Overall
the optical/UV filter light curves and the soft and hard X-
ray light curves show similar behaviour. The main outburst
consists of a series of large flares on time-scales of a few
hours, but strong variations can also be observed at shorter
time-scales from a few seconds to hundreds of seconds. The
variations are most prominent in the X-rays, while in the
optical/UV, they tend to be less prominent and smoother.
The X-ray and optical/UV rms-flux ratio indicates that the
strength of the variability in both bands is correlated with
brightness, but less strongly in the optical. We have shown
that strong changes in absorption, as inferred from X-ray
10−2 10−1 100 101 102 103 104
0.5 - 10 keV count rate (s−1)
10−2
10−1
100
101
102
103
UV
OT
 u
 c
ou
nt
 ra
te
 (s
−1
)
10−1 100 101 102 103
2 - 10 keV X-ray luminosity 
 (1036 erg s−1)
100
101
102
UV
OT
 u
 lu
m
in
os
ity
 (1
03
6  e
rg
 s
 1
)
2
4
6
8
10
Ti
m
e 
sin
ce
 T
0 (
da
ys
)
Figure 7. Comparison of the optical and X-ray brightness during
the June 2015 outburst. The top panel displays the 0.5−10 keV X-
ray count rate versus the u band count rate from T0 to T0 + 70
days (0 - 6000 ks). The bottom panel displays the 2 − 10 keV
X-ray luminosity together with the UVOT u-band luminosity.
The luminosities have been corrected for Galactic extinction and
absorption. The colour represents the time of observation in days
since trigger. The luminosity panel displays only X-ray data taken
in WT mode since the signal to noise of the PC mode spectra is
insufficient to constrain the flux conversion factor. In both panels,
the black lines indicate where the u-band and X-ray count rate
or luminosity are linearly proportional (dashed), and the square
root of the X-ray is proportional to the optical (dotted). In the
top panel, the u-band and X-ray count rates in general increase
together, but as V404 Cygni brightens, the distribution becomes
broader in the X-rays compared to the optical/UV. This is also
observed in luminosity space given in the bottom panel.
spectral fits, do not correspond to changes in optical/UV
extinction.
In the following we will first discuss and compare the
extinction and absorption, then discuss the rms-flux relation
and finally the origin of the variability in the X-ray and opti-
cal/UV light curves. We will draw upon all these aspects to
provide an overall picture describing the variability observed
within V404 Cygni by Swift.
4.1 Extinction and absorption
The absorption, as expressed by the column depth NH ob-
served in the X-ray spectra, changes by over two orders of
magnitude. If the X-ray absorbing material contained a sig-
nificant amount of dust affecting the optical/UV emission,
we would expect to see a colour change of > 1.5 magnitudes.
If the absorption and extinction were correlated as found in
the Milky Way, the data would folow the dashed black line in
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Fig. 4. However, in Fig 4 there appears to be no correlation
between colour and NH .
Motta et al. (2017) suggest that there may be two ab-
sorbers: an inhomogeneous high density absorber and a uni-
form tenuous absorber, which either coexist or the high den-
sity rarefies into the lower, more uniform absorber (although
rarefaction is less likely due to the fast transitions between
the two phases). The separation of the two absorbers cannot
be determined through the X-ray observations alone. From
our observations, we can rule out the possibility that the
optical/UV is affected by the inhomogeneous high density
absorber due to the lack of corresponding colour changes
and lack of correlated variability during the increase in the
X-ray emission associated with sharp drops in the NH , the
latter implying the absorber must not be optically thick.
Colour evolution was also not observed during a 20 min ob-
servation of an optical polarization flare, which ruled out
intrinsic extinction as the cause (Shahbaz et al. 2016).
There are several possibilities why large extinction is
not observed to be associated with the inhomogeneous high
density absorber. It may be that the absorber either resides
in-between the regions emitting the optical/UV and X-ray
emission regions, or it is not large enough to cover the entire
optical emitting region. Alternatively (or in addition), the
absorber may be dust-free/have a very low dust-to-gas ratio,
or have a flat distribution of dust grain size that results in a
flat extinction curve. The dust-to-gas ratio, E(B − V )/NH
must be of order 104 smaller than that typically observed
in the Milky Way, in order to not show significant change
in colour as the absorption increases by a factor of 1000.
To be dust-free the absorber must be within or close to the
dust sublimation radius. Taking the quiescent X-ray lumi-
nosity for V404 Cygni of 8×1032erg s−1 (Plotkin et al. 2017;
Bernardini & Cackett 2014), a dust sublimation temperature
of 1500K and applying the formalism for the sublimation ra-
dius of AGN (Nenkova et al. 2008a,b), we obtain a sublima-
tion radius of V404 Cygni in quiescence of ∼ 1012 cm, consis-
tent with the size of the accretion disk (Z˙ycki, Done & Smith
1999). Absorption systems entering this radius from the in-
terstellar medium or formed within this radius are likely to
have their dust destroyed or are unable to form dust in the
first place. The absorber is therefore unlikely to be dusty
and thus we do not expect a correlation between absorption
and extinction. Additionally, the second, thin absorber, is
not ionized so it could correspond to the neutral out-flowing
material launched as a disk wind ∼ 1010 cm from the cen-
tral black hole (Mun˜oz-Darias et al. 2016). Since this region
is also within the dust sublimation zone, this wind is un-
likely to be dusty and therefore would not strongly affect
the optical/UV emission.
Since the absorbers are not dusty, we may be able to
gain some understanding of where the high density absorber
lies relative to the regions producing the X-ray and opti-
cal/UV emission, assuming the optical/UV emission is pro-
duced from the reprocessed X-rays (see the following section
for discussion of the origin of the optical/UV emission). We
can examine two types of behaviour. The T0 + 820 ks seg-
ment shows strong correlated changes in the optical/UV and
X-ray light curves and has time resolved X-ray spectra. In
this epoch, an X-ray flare of duration ∼ 100 s is observed on
top of longer term undulating behaviour. A flare is not ob-
served in the optical/UV. The X-ray flare is associated with
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Figure 8. The logarithmic count rate distributions of the out-
burst between T0 + 240 ks and 970 ks (T0 + 2.8 days and 11.2
days) for the X-ray (red circles) and optical/UV (blue triangles),
expressed as probability density functions. The data has been dy-
namically binned with 100 data points per bin. The dotted lines
show the best fit Gaussian distributions (u-band: light blue, X-
ray: pink). The solid lines show the best fit 2-Gaussian function
for each data set (X-ray: purple, u-band: green). The count rates
from each segment included in the distribution have been nor-
malized by the mean count rate in that segment. The error on
each bin is given as the
√
N , where N is the number of count
rates in the bin. The χ2 over the degrees of freedom (dof) for the
Gaussian fits are given in the top right corner of each panel.
a rapid decrease in NH , and the covering fraction during this
period initially decreases before changing to 100 per cent
coverage. In another instance, the two sections T0 + 574 ks
and T0 + 579 ks, have a constant optical/UV flux level, but
the X-ray flux changes by over an order of magnitude. In
these instances a decrease in column density appears to be
correlated with increase in X-ray flux. Both these types of
behaviour suggest that the X-ray source is uncovered and is
visible along our line of sight. If the absorber lies in-between
the X-ray emitting region and the region where the X-rays
are reprocessed to optical/UV, we would expect to see corre-
sponding changes in the optical/UV brightness. While we do
find optical and X-ray light curves at times to be correlated,
we don’t observe the overall optical brightness to change be-
tween the T0 + 574 ks and T0 + 579 ks epochs. We suggest
instead, that the high density absorber is large and lies at a
significant distance away from the disk (so that the X-rays
are only absorbed after the reprocessing of X-rays to opti-
cal/UV; but at this distance, it may already be cool enough
for dust to exist - which would lead to extinction), or more
likely that the absorber is small and close to the black hole,
so that while the central object is uncovered along our line
of sight, no additional X-ray flux is transferred to the region
producing the optical emission. This is consistent with the
schematic view of V404 Cygni given in Motta et al. (2017).
4.2 RMS-flux relation
The magnitude of variability and the count rate of both
the X-ray and u-band light curves scale linearly. Similar be-
haviour was found in X-ray observations of both GX 339-4
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during outburst (Mun˜oz-Darias, Motta & Belloni 2011) and
Cyg X-1 (Gleissner et al. 2004), and was initially explored
in X-ray binaries by Uttley & McHardy (2001). Linear be-
haviour was also observed in the rms-flux correlations in
both the X-ray and optical for a sample of 4 X-ray bina-
ries (Gandhi 2009). For GX 339-4, the rms was observed to
increase with brightness, however, a continuous hysteresis
pattern was observed forming a slanted P shape in the rms-
flux (log-log) space (Mun˜oz-Darias, Motta & Belloni 2011).
Mun˜oz-Darias, Motta & Belloni (2011) associated the dif-
ferent phases of the rms-flux diagram with specific spectral
phases. The spine of the P shape is associated with the hard
state identified on hardness intensity diagrams (HIDs) (e.g.,
see Belloni & Motta 2016, for a recent review). The curve
of the P shape corresponded to the period where a ther-
mal disk black body component was found in some of the
spectral fits of GX 339-4 indicating that the XRB had en-
tered the soft state. For Cyg X-1, the distinction between
states in the rms-flux diagram was less prominent. Gleiss-
ner et al. (2004) showed that the soft and hard states both
provided linear rms-flux relations, but the slope was slightly
smaller for the soft state compared to the hard state. For
V404 Cygni, there is a lot of scatter in the rms-flux relation.
It cannot be determined if the observation is a combination
of linear relations, but the rms-flux behaviour observed in
V404 Cygni is most similar to that found for Cyg X-1 and
the XRBs reported by Gandhi (2009).
Information on the state of the outburst can be deter-
mined using the X-ray spectra and rms amplitude of V404
Cygni. In XRBs, the hard state is normally characterized by
a power-law-shaped energy spectrum with a photon index of
∼ 1.6 (2 − 20 keV), and a high level of aperioic variability
with an rms amplitude above 30 per cent (Mun˜oz-Darias,
Motta & Belloni 2011). The hard state would be charac-
terised by a thermal disk black body component on the left-
hand side of the HID (Belloni & Motta 2016) and almost no
variability is seen (Mun˜oz-Darias, Motta & Belloni 2011).
For V404 Cygni, none of the X-ray spectra require disk black
body components (Motta et al. 2017). They are best fitted
during the main outburst by a power-law with photon index
. 2 (0.6 − 10 keV) and the fractional rms, in the X-ray, on
the whole ranges between 10 and 60 per cent. V404 Cygni
is therefore consistent with being in the hard state dur-
ing the main outburst, with the observed rms fluctuations
and rms-flux correlation associated with the power-law emis-
sion. Two common explanations for X-ray emission in the
hard state are that it arises from a corona of hot electrons,
where seed photons from an optically thin accretion disc are
up-Comptonized, or that it originates from a jet (Mun˜oz-
Darias, Motta & Belloni 2011). The outburst of V404 Cygni
therefore never likely reached the disk-dominated soft state
(see also Motta et al. 2017). The near Eddington luminosi-
ties could be explained by accretion at Eddington/Super-
Eddington rates, which may have sustained a surrounding
slim disk, but the flux was partly or completely obscured
by the inflated disk and its outflow. In this case, the largest
flares produced by the source might not be accretion-driven
events, but instead the effects of the unveiling of the ex-
tremely bright source hidden within the system (Motta et al.
2017).
In the lower panel of Fig. 6, we have 3 X-ray data points
with 100 per cent fractional variability. At these epochs the
X-ray light curve is dominated by large undulations in the
baseline flux level, changes in flux of order 100. In one case
(T0 + 579 ks) the undulation is a large flare
8, which corre-
sponds to a strong decrease in NH , likely associated with the
uncovering of the central object. For the other two points
with 100 per cent fractional variability, strong changes inNH
are observed, but do not seem to be the only factor driving
the strong changes in X-ray flux. Exploring the rest of the
rms values (e.g., those with fractional variability < 100 per
cent), we find strong changes in NH are only observed dur-
ing 2 further data points. This indicates that varying NH
is not solely responsible for the observed rms-flux relation.
The optical/UV emission has a lower fractional rms, typ-
ically of a few to 20 per cent and only weak evidence for
a correlation between rms and flux. This suggests that the
mechanism producing the X-ray emission does not directly
produce the optical emission, and that, perhaps the X-ray
reprocessing is modulating the optical/UV variability.
Uttley, McHardy & Vaughan (2005) discuss the rms-
flux relation as being produced by stationary data. For a
light curve to be considered as having stationary variabil-
ity, the mean and variance should not change with time and
thus the flux distribution should be consistent with lognor-
mal. In §3.2.4, we examined the count rate distributions for
each light curve segment, finding that a lognormal distribu-
tion is consistent with what we observe for the majority of
the individual X-ray and optical light curve segments (see
§3.2.4,) between T0 + 240 ks and 970 ks (T0 + 2.8 days and
11.2 days). This suggests that the fluctuations for these seg-
ments are not additive and are unlikely to be caused by many
independent emitting regions or due to shot noise (Uttley,
McHardy & Vaughan 2005). Since most of the light curve
segments are consistent with having a lognormal count rate
distribution, it is likely that the PSDs used to determine
the rms values (1 or 2 per light curve section) are in gen-
eral measuring stable variability. However, there are 3 and
2 optical/UV and X-ray light curve segments, respectively,
where the count rate distributions are inconsistent with a
lognormal distribution, suggesting non-stationary behaviour
for at least some portion of the light curve. Non-stationary
behaviour was also shown by Gandhi et al. (2017) for V404
Cygni, in cross correlation of optical and X-ray light curves.
We are also unable to state if the variability is stable on
much shorter timescales due to the resolution of the data.
Furthermore, examining the normalized count rate distribu-
tion of the entire time period, we note that the logarithmic
X-ray and optical/UV distributions are not consistent with
a single Gaussian. This may suggest that the emission pro-
cess does not result in a logarithmic flux distribution that
is Gaussian, or that the emission in the two bands may be
produced by more than one process (see also Alston et al.
2019).
4.3 X-ray and optical variability
Within the Swift high time resolution observations the vari-
ability shows three main characteristics: 1) fluctuations on
8 this X-ray flare, peaking at T0 + 578.8 ks, is not displayed in
online material S.1. as there is no overlapping u-band event mode
data
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tens of seconds up to a couple of hundred seconds time
scales, observed in both bands, but more prominent in the X-
ray; 2) larger variations changing the flux level over hundreds
of seconds (e.g., T0+877 ks, see supplementary material Fig.
S1), observed in both bands, although more strongly in one
(typically the X-ray) compared to the other; 3) the base-line
count rate of both bands change between orbits/segments of
data, e.g., the ratio between the optical and X-ray count rate
varies from epoch to epoch, typically the X-ray varies more
strongly than the optical/UV.
The range in behaviour between the optical/UV and X-
rays suggests that the variability may not be due to a single
mechanism. One possible explanation for the production of
the optical/UV variability is reprocessing of the X-ray emis-
sion by the disk (Gandhi et al. 2016; Kimura et al. 2016; Ro-
driguez et al. 2015). The X-ray emission originates from the
inner regions near to the black hole. Modelling of spectral en-
ergy distributions (SEDs) performed by Kimura et al. (2016)
suggests reprocessing is present. The high degree of corre-
lation between the u-band and X-ray light curves observed
in two of our light curve segments supports reprocessing as
the dominant source of emission at least for this portion of
the outburst. The light curve segment at T0+820 ks shows
large scale variability in the X-ray and similar emission in
the optical, but that is broader in time compared with the
X-ray. This is a classic expectation for reprocessing, where
by the lag and blurring of the optical light curve depends on
the reprocessing area (e.g. O’Brien et al. 2002; Hynes et al.
2006). Therefore, when the optical/UV variability is broader
than the X-rays, we can assume that the optical/UV emit-
ting region is larger than the X-ray. Motta et al. (2017), us-
ing Swift/XRT and INTEGRAL observations, constrain the
X-ray emission to within 100 gravitational radii, with softer
X-rays being produced within 10 gravitational radii. Walton
et al. (2017) with NuSTAR observations also suggest that
the X-ray emission, at least during the flares, is produced
close to the black hole within 10 gravitational radii. With
a black hole mass of 9 M, it has been estimated that the
the separation between the black hole and the companion is
∼ 2.2×1012 cm or ∼ 75 light seconds (Rodriguez et al. 2015;
Gandhi et al. 2017). The short time lag observed for the seg-
ments of our optical and X-ray light curves, similar to that
reported by Gandhi et al. (2015), Kimura et al. (2016) and
Alfonso-Garzo´n et al. (2018), is consistent with this picture.
However, our typical measured optical lag of < 35 sec, may
suggest that the u-band emission from reprocessing does not
originate at the very outskirts of the disk, but at a radius
of . 1 × 1012 cm. Standard disk reprocessing is expected
to produce optical variations that follow an L
1/2
X trend (van
Paradijs & McClintock 1994). This relationship is shown in
Fig. 7, but it is not consistent with the overall behaviour
observed in either count rate or luminosity space. In Fig. 7
horizontal track behaviour is observed with the X-ray lumi-
nosity appearing to increase without significant change in
the optical/UV, this is also observed in the equivalent count
rate figure for the T0+877 segment shown in Fig. S.2. This
horizontal behaviour could suggest that either the X-ray and
optical/UV emission are produced independent or that the
optical/UV emitting region is unable to respond to the in-
crease in the X-rays (see also Hynes et al. 2019). However,
the optical/UV count rate versus X-ray count rate figure
of the T0+877 segment also displays a vertical line, which
shows the optical/UV count rate changing while the X-ray
count rate remaining constant. This could suggest a scenario
where by the production of the optical/UV emission is de-
layed in comparison to the X-ray perhaps consistent with
reprocessing. However, we can not draw strong conclusions
from these figures since the X-ray count rates and luminosi-
ties are not corrected for intrinsic absorption, which may
be responsible in part for the observed horizontal track be-
haviour in Fig. 7.
There is considerable evidence suggesting that repro-
cessing is not solely responsible for producing the opti-
cal/UV and X-ray variability. Lack of X-ray variations coin-
cident with optical variations suggest an alternative mech-
anism to reprocessing for producing at least some of the
optical variations (Dallilar et al. 2017). In addition, long
lags discovered between the optical and INTEGRAL data
by Rodriguez et al. (2015) from 0 s up to 20-30 min (see
also Alfonso-Garzo´n et al. 2018) also cannot readily be ex-
plained by reprocessing given the size of the binary. Within
the Swift XRT/UVOT observations, we also find that repro-
cessing may not be responsible for all the observed temporal
fluctuations. For instance, in the T0+671 − T0+672 ks seg-
ment the dip in the optical/UV count rate is stronger than
that observed in the X-ray.
Variable absorption has also been proposed as the cause
of at least some of the X-ray variations (King et al. 2015;
Motta et al. 2017). Motta et al. (2017) identified strong
spectral variations in the time resolved 0.5 − 10 keV X-ray
spectra of V404 Cygni, which they identify as due to vari-
ations in the layer of material covering the source. They
find that changes to the column density cause moderate
changes to the flux on timescales of minutes, but that larger
flux variations are due to sudden drops in the local column
density and simultaneous disappearance of partial covering.
These changes in column density are proposed as the cover-
ing/uncovering of a bright central source causing the large
scale flux variations. Indeed, strong change in NH is ob-
served within the T0+820 ks and T0+877 ks segments and
between the T0+574 ks and T0+579 ks segments. We do not
observe flux variations in the optical/UV that are coincident
with changes in the X-ray flux due to varying absorption.
This is to be expected as the optical emission is unlikely to
be affected by the local absorbers since the dust is likely
sublimated (see §4.1). While changing absorption is a cause
of X-ray variability in V404 Cygni, it is unlikely to be the
sole cause since we observe correlated variable behaviour be-
tween the optical and X-ray light curves, even when rapid,
short lived changes in flux due to changing NH are observed
in the X-ray, e.g., T0 + 820 ks and T0 + 877 ks segments.
An alternative mechanism for producing the observed
X-ray and optical/UV emission and associated variability is
a non-thermal jet. Evidence for jet emission in V404 Cygni
has been shown in the hard X-rays through to radio wave-
length observations (see also Maitra et al. 2017, for a list
of references for jet emission in the 2015 outburst of V404
Cygni). The earliest evidence for a jet was observed by IN-
TEGRAL between T0+2 to T0+5 days (∼ T0 + 170 ks -
430 ks), with hard emission due to Compton-upscattering of
seed photons likely originating in a synchrotron driven jet
(Natalucci et al. 2015; Roques et al. 2015). At optical/UV
wavelengths, Gandhi et al. (2016, 2017) propose that the jet
was responsible for producing the sub-second optical/UV
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variability observed by ULTRACAM during the brightest
phase of the outburst, while Maitra et al. (2017), propose
that the slow variability is also a result of synchrotron emis-
sion from the jet because they see no optical spectral changes
over a factor of 20 change in optical flux. They propose that
the sub-second variability and slow variability may origi-
nate from two different jet components: an optically thick
component that produces the slower variations and an op-
tically thin component that exhibits red and rapid variabil-
ity. Dallilar et al. (2017) also find evidence for optical vari-
ability being produced by the jet; they focus on a sharp
drop in flux in X-ray - IR bands at MJD 57198.23, which
lasts ∼ 100 s. They exclude a thermal origin for the emis-
sion during this decline, ruling out X-ray reprocessing as
the source of the optical/IR emission. They instead con-
clude synchrotron cooling process is the dominant source of
the optical/IR emission. Gandhi et al. (2017) also find, coin-
cident with an increase in radio brightness, that the optical
lags the X-ray by ∼ 0.1 s. They conclude that the X-ray and
optical emission is attributed to synchrotron emission from
the jet, with the optical being produced at a distance ' 103
gravitational radii from the X-ray emission.
It is likely that at least some of the optical/UV vari-
ability observed by the UVOT results from the jet, poten-
tially contributing to the optical emission from T0+2 days
(∼ T0 + 170 ks) onwards. The dip observed between the
T0+671 ks and T0+672 ks segments may be consistent with
a picture of varying accretion causing variability within the
jet. Examining the colour terms in Fig. 1, we can derive a
spectral slope from the uvw1−u colour term, which remains
approximately the same during the main outburst, resulting
in a spectral index β ∼ 0.3; this value is approximate and
is dependent on uncertainties in the reddening correction
and flux conversion factor. However, this spectral index is
consistent with the spectral index between V and Ic filters
observed by Maitra et al. (2017) and the u′ and g′ filters
observed by Gandhi et al. (2016), although the high time
resolution spectral energy distributions (SEDs) of Gandhi
et al. (2016) show that the spectral slope changes signifi-
cantly, typically between 0-0.5 during their observations on
4 different nights. A spectral index of 1/3 is consistent with
what is expected for a steady-state disk with radiation due
to viscous dissipation, but Maitra et al. (2017) favour an
optically thick jet, due to the persistence of the spectrum
through the large variability and because typical X-ray tran-
sients show steeper optical spectra (Hynes 2005).
Overall, the discrepancies from standard reprocessing
and the evidence of a jet, suggest that the variability we
observed is built up from a complex amalgamation of pro-
cesses and conditions that dominate at different times during
the outburst. The lack of strong cross-correlation coefficients
and a dominating lag time supports our conclusion requiring
the outburst to be a result of multiple processes that may
be contributing at different levels during different segments
of light curve. This will likely reduce or at least complicate
any potential cross-correlation signal.
5 CONCLUSIONS
We have presented observations of the 2015 outburst of V404
Cygni, performed by Swift. We examined observations taken
simultaneously by the UVOT and XRT in the optical/UV
and X-ray bands, respectively, comparing the properties of
the source in these two bands.
We examined the relationship between extinction and
(neutral) absorption measured from the optical/UV and X-
ray data, respectively, finding no correlation between the
two. Due to the lack of corresponding colour changes in the
optical/UV band we excluded the possibility that (in con-
trast to the X- ray emission) the optical is affected by an
inhomogeneous high density absorber. We conclude that the
high density absorber is likely small, contains a negligible
amount of dust and resides close to the black hole.
We also analysed the temporal behaviour of the opti-
cal/UV and the X-ray emission. We found that strong vari-
ations can be observed on tens of seconds to hourly time-
scales. The variations are most prominent in the X-rays, as
opposed to those observed in the optical/UV, which are less
prominent and smoother. In both bands the amplitude of the
variations are correlated with flux, but to a lesser extent in
the optical/UV. We found that within a few outburst phases
the optical/UV and X-rays are correlated, with an optical
lag typically 15 − 35 s. We conclude that the variability in
the optical/UV and X-ray bands is due to a complex combi-
nation of processes. Variability visible in both the X-ray and
optical/UV bands may be accretion-driven, with either the
X-rays produced in the inner accretion disc, which is then
reprocessed to the optical/UV, or with both the X-rays and
optical/UV produced within the jet. In addition, some of the
variability that is observed in the X-ray band only, may be
due to the presence of a local, inhomogeneous and dust-free
absorber.
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APPENDIX A: DECEMBER 2015 OUTBURST
At T0 ∼ 190 days, Swift/BAT detected a secondary out-
burst (Barthelmy, Page & Palmer 2015). At this time, Swift
UVOT and XRT resumed observing and continued to mon-
itor V404 Cygni for an additional 30 days, although the
sampling was less frequent compared with the June 2015
outburst. For these observations the optical/UV and X-ray
data were reduced following the method outlined in §2.
The light curves from the UVOT, XRT and INTE-
GRAL can be observed in Fig. A.1. At this time, the op-
tical/UV flux level was already above the quiescent level
observed prior to 2015 and at the end of the June 2015 out-
burst. The brightest flux values occurred between T0+199
and T0 + 200 days. After peak brightness, V404 Cygni
rapidly decayed, within a day, down towards the pre-2015
level, which it fluctuated around until the end of observa-
tions. The X-ray light curves observed by XRT and INTE-
GRAL behave in a similar way. This mimics the behaviour
observed in the June 2015 outburst and the duration of the
outburst is similar. However, the outburst is weaker at all
frequencies. In the u-band the peak magnitude is ∼ 3 or-
ders of magnitude fainter than the peak magnitude of the
June 2015 outburst. This is in agreement with the behaviour
observed for the June and December outbursts in i, R, V
and B bands reported by Kimura et al. (2017). Examina-
tion of the colour light curves, for which the best sampled
for the December outburst is u − uvw1, suggests the spec-
trum becomes bluer from the start of the outburst through
to quiescence, although we note that, except for the flare at
T0 ∼ 198 days, the uvw1 band is relatively flat in compar-
ison with the u band and the colour change is driven by a
change in the u-band flux.
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Figure A.1. Multi-wavelength observations of V404 Cygni performed during the December 2015 outburst. T0 is taken as the time
at which Swift/BAT first detected V404 Cygni on the 15th June 2015 and has been corrected to the barycenter. Panel a) shows the
INTEGRAL 20-60 keV ISGRI light curve for the December 2015 outburst. Panel b) shows the X-ray 2− 10 keV flux light curve for the
December 2015 outburst. Panel c) displays the 7 optical/UV light curves observed by UVOT. Panel d) displays the colour light curves for
several UVOT filters, determined only for points with S/N > 2. Magnitudes are given in AB and have been corrected for the measured
extinction Av = 4.0 (Casares et al. 1993; Hynes et al. 2009). Colours and symbols for each of the UVOT filters and colour light curves
are provide in the legends. Downward arrows are 3σ upper limits computed when the signal to noise is < 2.
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